The genus Yersinia comprises three species that are pathogenic to humans and rodents: Yersinia pestis, the etiologic agent of plague, causes systemic and life-threatening disease; and Yersinia enterocolitica and Yersinia pseudotuberculosis are enteropathogens which cause gastrointestinal diseases, including mesenterial lymphadenitis, and, rarely, systemic infections. Yersinia is endowed with a unique capacity to withstand the host attack by injecting antihost effector proteins (Yersinia outer proteins [Yops] ) into professional phagocytes via a type III protein secretion system (TTSS) (11) Both the TTSS and Yops are encoded by a 70-kb virulence plasmid (pYV) that is common to all pathogenic Yersinia spp. The six established effector proteins interfere with distinct signaling pathways, resulting in paralysis of phagocyte function. In particular, there are three different effector proteins that interfere with signaling from small GTPases. The protein kinase YopO (YpkA in Y. pseudotuberculosis) physically interacts with RhoA and Rac-1 (7) (although the functional relevance of this interaction has not been shown to date) and inhibits G␣q signaling (42) . YopE is a GTPase activating protein (GAP) for Rho, Rac, and Cdc42, accelerating GTP hydrolysis and converting these proteins into the inactive, GDP-bound form (68) . YopT, a cysteine protease, inactivates RhoA by cleavage adjacent to a prenylated cysteine located near the carboxy terminus, resulting in membrane release and cytoplasmic redistribution of RhoA (60) . However, some studies also showed some effect of YopT on Rac and Cdc42 in biochemical assays performed in vitro (61) , but after infection of living cells, YopT seems to act mainly on RhoA (2) .
Recent large-scale gene expression studies identified a number of genes induced by the action of Yersinia Yops in macrophages (24, 54) and epithelial cells (8) . We and others (43) have identified the transcription factor klf2 as one gene with particularly pronounced induction in host cells in response to, for example, infection with Yersinia enterocolitica (24) , Pseudomonas aeruginosa (44) , or Staphylococcus aureus (40) . However, in most of these cases, the causative bacterial toxins have not been identified, with the exception of Clostridium botulinum C3 toxin (58) .
KLF2 (formerly termed LKLF, for lung Kruppel-like factor) belongs to the KLF zinc finger family of transcription factors. KLF family members, such as KLF6, play a role in many cellular processes, including apoptosis, proliferation, differentiation, and development. KLF6, a tumor suppressor, has been shown to be induced by bacterial toxins (43) . KLF2 has been identified by virtue of its homology with Eklf and is expressed primarily in the adult lung and, to a much lower extent, in the spleen (5) . klf2 Ϫ/Ϫ mice die between 11.5 and 13.5 days postconception, from severe hemorrhage (69) due to abnormal tunica media formation (32) . However, experiments employing chimeric mice provided evidence that Klf2 is essential for normal lung development (70) . It was shown recently that Klf2 is upregulated upon maturation of single positive T cells and that expression of klf2 is required to program the quiescent state of single positive T cells. klf2 Ϫ/Ϫ T cells have a spontaneously activated phenotype and are rapidly eliminated by Fas ligandinduced apoptosis (32) . Consistently, inducible expression of klf2 in Jurkat T cells is sufficient to induce a quiescent phenotype characterized by reduced proliferation, reduced protein synthesis, and decreased surface expression of activation markers (10) . Moreover, in endothelial cells, klf2 is induced in response to shear stress (14) and inhibits expression of cell adhesion molecules in response to proinflammatory cytokines (59) . Together, these data show that KLF2 has broadly inactivating functions in an ontogenetically diverse collection of cell types.
Here we further investigate bacterial mechanisms to induce mRNA expression of klf2 in host cells. Specifically, we asked if the ability to induce klf2 mRNA is specific for macrophage-like cells, if it is specific to Yersinia, which bacterial proteins are capable of inducing klf2 mRNA, and how exactly bacterial toxins mediate sustained klf2 expression.
MATERIALS AND METHODS
Bacteria and mutants. Cell lines and bacteria employed are listed in Tables 1  and 2 . For generation of P. aeruginosa exoS mutants, the exoS gene of strain PAO1 was subcloned into pCR2.1-Topo (Invitrogen), leading to the plasmid pTexoS (30) . The ⍀ fragment from plasmid pHP45-⍀, conferring resistance to streptomycin and spectinomycin (48) , was ligated into the unique HincII restriction site of exoS. The disrupted exoS gene was cloned into the mobilizable suicide vector pEX18Ap, carrying the counterselectable sacB marker (23) . The resulting plasmid, pEXexoS::⍀, was conjugated into strains P. aeruginosa PAO1 and PAK by triparental mating with Escherichia coli(pRK2013). Transconjugants were selected on Luria-Bertani (LB) agar plates containing 500 g/ml carbenicillin. Sucrose-resistant exoS mutant strains with a carbenicillin-sensitive and streptomycin-resistant phenotype were selected on Pseudomonas isolation agar containing 5% sucrose. PAO1 and PAK exoS mutants were confirmed by Southern hybridization (data not shown) and Western blotting using polyclonal ExoS antibody. Recombinant six-His-tagged EDIN-B toxin was a gift from M. Aepfelbacher (University of Cell culture and bacterial infection. Dendritic cells (DCs) were generated from bone marrows of C57BL/6 mice as described previously (37) . Cell lines were cultured in Dulbecco's modified Eagle's medium with 10% fetal calf serum. Unless noted otherwise, stationary-phase overnight bacterial cultures were diluted 1:10 in fresh LB medium and grown to an optical density at 600 nm of 0.5 to 0.6 (about 6 ϫ 10 8 CFU/ml). Cells were infected at multiplicities of infection of 100:1 and 10:1. Campylobacter jejuni strains were grown on Columbia blood agar plates (Becton Dickinson) in 5% CO 2 and restreaked every 48 h. For infections, bacteria were harvested from agar plates and diluted in Dulbecco's modified Eagle's medium. Helicobacter pylori strains were grown on GC agar plates (Doenitz Prolab, Augsburg, Germany) supplemented with 8% horse serum, a complex vitamin mixture, vancomycin (10 mg/liter), trimethoprim (5 mg/liter), and nystatin (1 mg/liter) and were incubated for 1 to 2 days in a microaerobic atmosphere (85% N 2 , 10% CO 2 , 5% O 2 ) at 37°C. Stationary-phase Yersinia cultures grown overnight at 27°C were diluted 1:10 in fresh LB medium and shifted to 37°C for 2 h, and infections were performed as described above. Recombinant EDIN-B and SycE were applied at 60 g/ml overnight, and recombinant C. botulinum C3 toxin was applied at 25 g/ml overnight. In some experiments, cells were incubated for 2 hours to overnight with 1 to 10 M Rho kinase inhibitor H1152 (Calbiochem).
Generation of lentivirus and transduction of AGS cells. The BLOCK-iT lentiviral RNA interference (RNAi) expression system (Invitrogen) was used according to the manufacturer's specifications. Briefly, short hairpin RNA (shRNA) oligonucleotides were selected with BLOCK-iT RNAi Designer software from Invitrogen. To avoid sequence homology with other genes, BLAST analysis (http://www.ncbi.nlm.nih.gov/BLAST/) was performed. The following target mRNA sequences were used to design shRNAs (starting positions are noted in parentheses): rhoA (687), GCCGGTGAAACCTGAAGAAGG; rhoB (841), GCATCCAAGCCTACGACTACC; rhoC (630), GCCTCCAGGTCCGC AAGAACA; rhpn1 (384), GCTGATCTCAGTGCACTTTGG; cit (685), GCG TTCATCTGATGGGATACG; rok2 (2228), GCAGCTGGAATCTAACAA TAG; and ktn1 (1390), GCAGATGAAGTTTCAGCAAGT. A randomsequence shRNA was used as a control. Oligonucleotides were annealed and then cloned into the entry vector pENTR/U6. TOP10 competent E. coli cells were transformed, and colonies were selected on LB plates containing 50 g/ml kanamycin. After sequence verification, the U6 RNAi cassette was transferred by LR recombination to the pLENTI6/BLOCK-iT-DEST plasmid. A lentiviral stock was produced by cotransfection of 293FT cells with the resulting expression construct and ViraPower packaging mix, using the FuGene 6 transfection reagent (Roche, Mannheim, Germany). At 48 h posttransfection, viral supernatants were harvested and filtered. AGS cells were infected with lentiviruses containing the packaged shRNAs. Gene transfer was detected using a lentiviral vector containing the gfp marker gene. Stable cells were generated by selection with 10 g/ml blasticidin for 10 days.
Real-time reverse transcription-PCR. Total cellular RNA was isolated with Trizol RNA isolation reagent (Invitrogen) according to the manufacturer's recommendations. After random-hexamer-primed first-strand cDNA synthesis (Superscript II; Invitrogen), real-time PCR was performed in an ABI Prism 7000 sequence detection system (Applied Biosystems) (with detection of hprt, klf2, rhoA, rhoB, rhoC, rok2, rhpn1, cit, and ktn1). Amplification was done for 40 cycles, using an initial denaturation at 95°C for 10 min followed by cycles of 95°C for 15 s and 60°C for 1 min. Primers and fluorescent probes for murine klf2 and hprt were described previously (24) . Human klf2 and hprt PCR assay kits were purchased from Applied Biosystems (Assays-on-Demand). A Universal ProbeLibrary (Roche, Mannheim, Germany) was used in combination with the Universal ProbeLibrary assay design center to design specific primers and probes for rhoA, rhoB, rhoC, rhpn1, rok, cit, and ktn1. Gene expression levels were recorded relative to the hprt housekeeping control as follows: E ϭ 2 Ϫ⌬C T(E ϭ gene expression value; ⌬C T ϭ difference in crossing points between threshold cycles for hprt and the gene of interest).
All PCR experiments were performed at least four times, and standard deviations were calculated and displayed as error bars. For graphical display, the maximum or Y. enterocolitica-elicited klf2 mRNA expression value in every graph was given an arbitrary value of 10, and the remaining values and standard deviations were scaled accordingly, graphwise. Statistical analysis was performed with Student's t test, as implemented in Microsoft Excel, considering P values of Յ0.05 statistically significant.
RESULTS
Yersinia enterocolitica, Yersinia pseudotuberculosis, Pseudomonas aeruginosa, and Staphylococcus aureus induce klf2 mRNA in macrophages. To confirm and extend our previous analyses (24), we first evaluated whether bacteria other than Yersinia enterocolitica were able to induce klf2 mRNA expression in J774A.1 cells (Fig. 1) . We first examined a panel of clinical Y. pseudotuberculosis isolates, which demonstrated that these strains are also able to induce klf2 mRNA expression in host cells (Fig. 1A) . Next, we screened a panel of phylogenetically diverse bacterial strains, many of whom are known to possess systems for delivery of bacterial proteins into the cytoplasm of host cells (Fig. 1B) .
h of infection (not shown).
YopT from Y. enterocolitica, ExoS from P. aeruginosa, EDIN-B from S. aureus, and C3 toxin from C. botulinum induce klf2 mRNA expression. To identify the bacterial protein responsible for klf2 induction, we screened several mutant strains of Y. enterocolitica and P. aeruginosa for klf2 induction in host cells. As displayed in Fig. 2A , translocation of YopT alone induced klf2 mRNA expression, while the yopT deletion mutant WA(pYV⌬YopT) did not induce significant klf2 mRNA levels in J774A.1 cells. A catalytically inactive YopT C139S mutant or strains secreting only YopE or YopO proteins were not able to induce klf2 mRNA expression.
For P. aeruginosa, strains PAO1 and PAK, but not strain PA103, induced klf2 mRNA in J774A.1 cells. klf2 induction was dependent on the TTSS, as pcrD mutant strains PAO1⌬pcrD and PAK⌬pcrD, which harbor an impaired TTSS, were not able to induce klf2 mRNA anymore (Fig. 2B) . Together, these findings suggest ExoS, a type III secreted toxin produced by strains PAO1 and PAK, but not by strain PA103, as a likely candidate mediating klf2 induction. Consistently, exoS deletion mutants PAO1⌬exoS and PAK⌬exoS were no longer able to induce klf2 mRNA (Fig. 2B) .
For S. aureus, strain 57 (a virulent clinical isolate [13] ) induced high levels of klf2 mRNA in J774A.1 cells, while the S. aureus reference strain Newman did not. One important difference is that strain 57, but not Newman, produces EDIN-B, a C3-like ADP-ribosyltransferase which modifies Rho GTPases (M. Aepfelbacher, unpublished observations). We incubated J774A.1 cells overnight with purified recombinant EDIN-B, and this treatment indeed resulted in the induction of high levels of klf2 mRNA compared to treatment with an irrelevant protein (the Y. enterocolitica YopE chaperone SycE) (Fig. 2C) . This finding could be confirmed by using the prototypical Rho-specific ADP ribosyltransferase, C3 toxin from C. botulinum (4), which also induced high levels of klf2 mRNA in host cells (Fig. 2C) . Table 2 ). The Y. enterocoliticaelicited klf2 level was scaled to an arbitrary value of 10. Levels of klf2 mRNA were recorded relative to the HPRT housekeeping control. Error bars represent 1 standard deviation from the mean. Mock, uninfected cells. Horizontal brackets or asterisks indicate statistically significant (t test; P Յ 0.05) differences in klf2 mRNA expression levels. YopT induces klf2 mRNA in cell lines of macrophage and epithelial origin. We next wondered whether induction of klf2 mRNA upon bacterial infection could occur in cells other than J774A.1 cells. We tested a panel of mouse and human cell lines of macrophage, lymphocyte, and epithelial origin for klf2 induction upon infection with Y. enterocolitica (Fig. 3) . klf2 mRNA was induced in macrophage-like (J774A.1, RAW264.7, P388D.1, and Ana-1), squamous epithelial (HeLa), and gastric epithelial (AGS and MKN-28) cells by strain WA(pTTS, pYopT). We also found klf2 mRNA expression induced in bone marrow-derived DCs (Fig. 3) . Thus, YopT is the only effector Yop required to induce klf2 in macrophage/DC and epithelial cell lines, although other bacterial components may also contribute. In contrast, B (Daudi) or T (Jurkat) lymphocytes or histiocytes (U937) did not induce klf2 mRNA in response to Y. enterocolitica (Fig. 3) . It was shown earlier, however, that Yops are effectively translocated into these cells (9, 73) . We concluded that YopT-mediated induction of klf2 mRNA expression takes place mainly in macrophages, DCs, and epithelial cells.
shRNA-mediated knockdown of RhoA induces klf2 mRNA expression. As stated above, all bacterial toxins identified to induce klf2 mRNA expression interfere with small GTPases of the rho family, with the C3 toxins interacting specifically with RhoA, RhoB, and RhoC (4). To identify the Rho protein responsible for klf2 induction, we generated stable shRNAexpressing cell lines for each of the Rho proteins individually. As shown in Fig. 4A to C, rhoA, rhoB, and rhoC shRNAexpressing cells showed substantial downregulation of the corresponding mRNA levels relative to those in control shRNAexpressing cells. However, rhoB and rhoC shRNAs also had modest effects on rhoA mRNA expression levels: rhoB shRNA resulted in a 62% reduction of the rhoA expression level, and rhoC shRNA resulted in a 68% reduction. This problem oc- Table 2 ). The graphical display is as described in the legend to Fig. 1 . * , statistically significant (t test; P Յ 0.05) induction of klf2 mRNA compared to infection with strain WA-C. (B) klf2 mRNA levels in J774A.1 cells after infection with different P. aeruginosa wild-type and mutant strains (see Table 2 ). The graphical display is as described in the legend to Fig. 1 . Horizontal brackets indicate statistically significant (t test; P Յ 0.05) differences in klf2 mRNA expression levels. (C) klf2 induction by recombinant EDIN-B or C. botulinum C3 toxin in J774A.1 cells. The graphical display is as described in the legend to Fig. 1 Fig. 4D , however, klf2 mRNA expression was highest in rhoA shRNA-transduced cells, while rhoB shRNA-and rhoC shRNA-transduced cells expressed lower levels of klf2 mRNA. This suggests that rhoA is involved in the regulation of klf2 mRNA expression levels. The Rho effector protein rhophilin 1 is involved in klf2 mRNA induction. Rho proteins exert their cellular function by binding, in their active GTP-bound state, to Rho effector proteins. To better characterize the RhoA-dependent signaling cascade regulating klf2 expression, we first investigated the role of the well-characterized effector protein Rho kinase. Treatment of J774A.1 cells with different concentrations of the specific, cell-permeating inhibitor H1152 for different times, however, did not result in klf2 induction (Fig. 5A) . Similar results were obtained with the less specific inhibitor H1077, which also inhibits the Rho effector proteins PRK1, PRK2, and MSK1 (not shown). Thus, Rho kinase seems not to be involved in regulation of klf2 expression levels.
We next investigated the role of several other Rho effector proteins by shRNA-mediated knockdown. shRNAs specific for citron, rho kinase 2, kinectin 1, and rhophilin 1 all mediated effective knockdowns of their respective target mRNAs, as measured by real-time reverse transcription-PCR (not shown). Only rhophilin 1 shRNA-transduced cells, however, induced substantial levels of klf2 mRNA (Fig. 5B) . Importantly, the specificity of the Rhpn-1 small interfering RNA was controlled by extensive manual BLAST searches, which demonstrated no occurrence of the small interfering RNA sequence in any other mRNA transcript (data not shown). Thus, we suggest that a signaling axis via RhoA and rhophilin 1 regulates klf2 mRNA levels in response to bacterial infection.
DISCUSSION
Recent large-scale gene expression studies identified a number of genes induced by the action of Yersinia Yops in macrophages (24, 54) and epithelial cells (8) . We have identified the transcription factor klf2 as one gene with particularly pronounced induction in J774A.1 cells in response to infection with virulent, Yop-translocating yersiniae. Given the immunosuppressive action of klf2 in a variety of cell types, it seems plausible that klf2 induction constitutes a novel immunosuppressive strategy of bacteria.
In the case of infection with Yersinia, the Rho-inactivating cysteine protease YopT mediates sustained klf2 expression in host cells. In the absence of YopT, klf2 is only transiently expressed. Yersinia possesses a second Rho-GTPase-inactivating protein, YopE, which acts as a GAP for Rho, Rac, and Cdc42 in vitro (68) . However, after infection of living cells with YopE-translocating yersiniae, YopE seems to interact with a much smaller range of Rho proteins: it acts primarily on Rac rather than on Rho or Cdc42 in vivo, and it inhibits Cdc42-mediated Rac activation induced by bradykinin but not direct activation of Rac by sphingosine-1-phosphate (6). Consistently, YopT and YopE have been shown to differently affect the cytoskeleton and phagocytic capacity of DCs (1). Compared to P. aeruginosa ExoS, it should be noted that Yersinia ExoS contains an additional ADP ribosyltransferase domain inactivating small GTPases (49) and that the GAP domain of ExoS interacts with a much broader range of host proteins than YopE does (31). Our results are consistent with the targeting of RhoA by ExoS ADP ribosyltransferase, which has not been shown previously. These differences in specificity may explain differences in the klf2-inducing capacities of YopT, YopE, and ExoS. Knowledge about the mechanisms regulating expression of klf2 is scarce. Tumor necrosis factor receptor-associated factor 2 (TRAF2) and signaling via p38 mitogen-activated protein kinase (MAPK), but not tumor necrosis factor signaling, have been suggested to regulate klf2 mRNA expression (34) . In both human and mouse cells, critical regions within the klf2 promoter have been identified (27, 57) , and heterogeneous nuclear ribonucleoproteins as well as acetyltransferases have been shown to bind to these regions (3). Other results suggest that statin-mediated klf2 induction in endothelial cells is a result of interference with Rho signaling (58) , although the precise mechanism remains obscure. Our results show that a signaling cascade from RhoA via rhophilin 1 regulates klf2 expression levels. Since it is the inactivation of RhoA and rhophilin 1 which induces klf2 mRNA expression, this signaling cascade likely suppresses klf2 expression.
To date, several links between Rho and transcriptional regulation have been described. Rho is required for signaling to Srf by several stimuli (22) . However, a direct effector protein of Rho acting on Srf or the sre remains to be elucidated. The best-characterized link between Rho and the serum response is via the Srf cofactor Mal. Mal functions as a cytoplasmic sensor for depolymerized actin and is translocated to the nucleus upon actin polymerization, where it serves as a cofactor for Srf (39) . Rho has also been shown to indirectly induce the transcriptional activity of NF-B by phosphorylation of the inhibitor IB␣, enabling active NF-B to translocate to the nucleus (47) . A third link between Rho and transcriptional regulation has been made by demonstrating that Rho is able to stimulate c-jun expression via activation of ERK6 (p38␥), a recently identified MAPK (38) . However, all of these findings identify Rho as a potent activator, rather than a suppressor, of gene transcription. As far as we are aware, only one other gene besides klf2 has been described as being suppressed by Rho: expression of the cyclin-dependent kinase inhibitor cdkn1a (encoding p21
Waf1/Cip1 ) is induced by signaling through activated Ras, and this induction can be inhibited by RhoA by action on the cdkn1a promoter (45) . Data concerning the rho effector responsible for inhibition of cdkn1a expression are conflicting: expression of cdkn1a protein could be induced by ROCK inhibition in phorbol myristate acetate-treated human erythromyeloblast D2 cells (33) but not in Ras-V12-transformed Swiss 3T3 cells (52) . However, we do not think that any of these signaling pathways is responsible for YopT-mediated regulation of klf2 expression, for the following reasons: first, we did not find any influence of YopT on expression of cdkn1a in J774A.1 cells; second, we could not demonstrate an effect of SRF activity on klf2 expression levels (data not shown); third, by performing experiments with the actin-depolymerizing agents latrunculin B and cytochalasin D, we could show that the actin polymerization status is not involved in regulating klf2 expression (data not shown); and fourth, we found rhophilin 1 rather than ROCK to be involved in klf2 regulation. Rhophilin 1 was first described in 1996, when it was detected in a yeast two-hybrid screen with Rho as bait. It interacts strongly with GTP-bound RhoA, less with RhoB, and little with RhoC (71). Rhpn1 is expressed in various tissues (41) and is highly expressed in the mouse testis, where it interacts with ropporin (18) . Other putative binding partners have been identified by yeast two-hybrid screens. Among these are Trim37, Krt15, Cnksr1, Efemp2, and Ndp52 (51). Rhpn1 contains several protein-protein interaction motifs, such as HR1, a central BRO1 domain, and a C-terminal PDZ domain (46) . The HR1 domain or Rho binding domain was first described as part of protein kinase PRK1, which binds RhoA (15) . It is found in a range of signaling proteins, including rhotekin and PRK2, and is required for GTPase binding (50, 71) . The exact molecular functions of BRO1 domains are not known. They are required for cargo protein deubiquitination and play a role in endosome metabolism (36) . PDZ domains are protein interaction domains that are often found in multidomain scaffolding proteins that organize intracellular signaling at particular subcellular locations (62) . Taken together, the presence of different protein interaction motifs suggest that rhophilin 1 may serve as a signaling protein. Thus, the following sequence of events seems likely in YopT-modified regulation of klf2 expression. YopT cleaves RhoA from its geranylgeranylated membrane anchor, which must not necessarily inactivate RhoA (72) but could also change the subcellular localization of RhoA sufficiently to inhibit effector protein binding. However, the exact subcellular localization of rhophilin 1 in macrophages is unclear, so it remains to be determined whether YopT-mediated RhoA inactivation or compartmentalization is responsible for inhibiting the RhoA-rhophilin 1 interaction. How exactly rhophilin 1 then regulates klf2 mRNA expression remains to be determined.
We described earlier that klf2 is also induced transiently (Յ1 h after infection) by Yop-devoid yersiniae. Translocation of 
